Through the successful implementation of policies to prevent mother-tochild-transmission (PMTCT) of HIV-1 infection, children born to HIV-1-infected mothers are now much less likely to acquire HIV-1 infection than previously. Nevertheless, HIV-1-exposed uninfected (HEU) children have substantially increased morbidity and mortality compared with children born to uninfected mothers (unexposed uninfected, UU), predominantly from infectious causes. Moreover, a range of phenotypical and functional immunological differences between HEU and UU children has been reported. As the number of HEU children continues to increase worldwide, two questions with clear public health importance need to be addressed: first, does exposure to HIV-1 and/or ART in utero or during infancy have direct immunological consequences, or are these poor outcomes simply attributable to the obvious disadvantages of being born into an HIV-affected household? Secondly, can we expect improved maternal care and ART regimens during and after pregnancy, together with optimized infant immunization schedules, to reduce the excess morbidity and mortality of HEU children?
Introduction
The widespread implementation of prevention of motherto-child transmission (PMTCT) programmes has been one of the great public health success stories of the 21st century. The combination of tailored anti-retroviral therapy (ART) to mother and infant, together with improved obstetric management and the avoidance of breastfeeding, has virtually eliminated infant HIV-1 infection in much of the developed world. Even though considerable logistic challenges to full PMTCT coverage in developing countries remain, the past decade has seen remarkable progress, with millions of babies born free from HIV-1 infection who would otherwise have acquired the infection from their mothers. However, compared to infants of uninfected mothers, these children are nevertheless reported to face a significantly higher early life burden of predominantly infectious diseases, associated with a range of phenotypical and functional immunological abnormalities. Even after the introduction of PTMCT programmes that should lead to improved maternal health and reduced viral loads during pregnancy, an increased disease burden continues to be reported in HEU infants: whether this reflects exposure to ART rather than HIV-1 is difficult to tease out from the literature.
Given that HEU children may now account for as many as 30% of all births in parts of southern Africa [1] , two questions with clear public health importance need to be addressed: first, does in-utero exposure to HIV-1 have direct immunological consequences, or are these poor outcomes simply attributable to the obvious disadvantages of being born into an HIV-affected household? Secondly, can we expect improved ART regimens during pregnancy together with optimized infant immunization schedules to reduce morbidity and mortality of HEU children, or will increased exposure to ART cancel out the benefits to the infant of reduced HIV exposure and better maternal health?
Here we will review the available literature on HEU children and attempt to dissect out those features that might be attributed to exposure to HIV or anti-retroviral drugs, rather than the impact of starting life in an HIV-afflicted household. We will also explore the responses to infant vaccination recorded in this vulnerable group, as this may provide functional evidence of immune dysfunction.
Increased disease burden among HIV-exposed uninfected children
Many groups have reported on the outcomes of infected and uninfected children born to HIV+ mothers compared with unexposed uninfected (UU) infants, both before and after the institution of PTMCT programmes. One of the largest was the ZVITAMBO (Zimbabwe Vitamin A for Mothers and Babies project) cohort in Zimbabwe, which recruited more than 14 000 children born between 1997 and 2000, before PMTCT strategies or infant ART were widely used in sub-Saharan Africa. The 2-year mortality of HEU children was more than three times greater than that of UU children (9·2% versus 2·9%), although considerably lower than for HIV-infected children (which ranged from 33% for those acquiring postnatal HIV infection to more than 65% for those infected in utero or at birth) [2] . Mortality for HEU children peaked at 3-6 months and was associated predominantly with lower respiratory tract infection (LRTI). Sick clinic visits and hospitalizations were also significantly higher in the HEU than the UU group [3] , and varied inversely according to the CD4 count of the mother.
Similarly, in another study performed before maternal ART was widely used, HEU infants in rural Uganda were reported to have twice the mortality of UU infants in the first 2 years of life [4] . More recently in Malawi, when mothers were provided with single-dose Nevirapine (sdNVP) prophylaxis for PMTCT, the mortality rate of HEU infants at 20 months was 18·7% compared to 4·3% in UU controls [5] . In Zambian HEU infants, whose mothers had also had sdNVP, the cumulative mortality in HEU children was 13·6% between 1 and 24 months of age (with 4% already having died in the first month of life); the mortality risk increased during weaning from breast milk [6] . A recent case-control study in South Africa, in the post-PMTCT era, reported that HEU children were significantly more likely to be admitted to hospital for infections throughout the first year of life [7] . In addition, HEU children are more likely to have growth stunting than their UU counterparts, which is not corrected by nutritional supplements [8] .
Further studies in Africa have confirmed that mortality in HEU children is caused predominantly by lower respiratory tract infections (LRTI) [9] of varied aetiology. A study of 358 children with severe pneumonia from South Africa showed that the chances of failing to respond to first-line antibiotic therapy within 48 h were increased sixfold in HEU children. Intriguingly, the infectious agents found in bronchoalveolar lavage (BAL) fluid were similar between HIV+ and HEU children [i.e. Pneumocystis jirovecii and cytomegalovirus (CMV)] [10] . Occasionally, severe infections may be accompanied by clinical evidence of immune deficiency [11] . Although most reports of HEU children come from Africa, a similarly high disease burden was also reported in India [12] , where gastroenteritis, sepsis and pneumonia were the major causes of morbidity in the HEU group. Even in the setting of a European teaching hospital, HEU infants in Brussels (mainly the children of African families) were shown to have a dramatically increased risk of invasive group B streptococcal infection [13] .
Taken together, these data suggest strongly that HEU children have an increased susceptibility to infection, leading occasionally to severe disease, and mediated potentially by an impaired immune system. Whether the increased morbidity and mortality in these infants might also be explained by an increased frequency of exposure to maternally derived pathogens, particularly drug-resistant strains, remains to be determined.
Exposure of the HEU infant to maternal HIV-1 virions and antigens
Despite separation of the fetal and maternal circulations by the villous trophoblastic layers of the placenta, considerable trafficking of cells between the fetus and mother has been reported in both health and disease [14] . It is also clear that viral particles and parasites can cross the placental barrier, demonstrated by congenital infections with Herpes simplex virus, rubella, CMV, parvovirus and Toxoplasma gondii [15, 16] . Vertical transmission of HIV is thought to occur most commonly during delivery, when infants are exposed through the oral mucosal route to infected cervico-vaginal secretions [17] . Transmission in utero has also been reported: in some reports widespread HIV-1 infection has been detected in aborted fetuses [18] . Breastfeeding is the other common route of MTCT, whereby HIV-1 infection and exposure occurs through the oral mucosa, either through infection with cell-free HIV-RNA [19] mediated by interactions between HIV envelope gp120 and tonsillar DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin) [20] or from maternal T cell-associated provirus [21] . Breast milk viral load has been reported to correlate inversely with maternal CD4 T cell count [22, 23] , implying that maternal disease status will affect the extent of infant HIV exposure through breast milk.
Twenty years ago we reported the detection of HIVspecific cytotoxic T lymphocyte (CTL) responses in an HEU infant [24] : the presence of virus-specific immune responses may be regarded as further evidence of infant HIV exposure. Although not found in all studies, several research groups in the United States, South America, Europe and Africa have described a broad range of HIV-1-specific T cell responses in HEU infants, which are thought to have been primed by exposure to HIV antigens in utero or at delivery [25] [26] [27] [28] [29] [30] (reviewed in [31] [32] , and responses have not been detected in older HEU children (aged 7 years) [33] , suggesting that cellular responses wane in the absence of continued exposure. More recent studies have suggested that the magnitude of HIV-1-specific T cell responses are associated with protection from postnatal HIV-1 transmission [30, 31] , and that these responses can be revealed or enhanced by depletion of regulatory T cells [29] . Similarly, natural killer (NK) cells responding to HIV-1 peptides were described in HEU infants (and their mothers) and these responses also correlated with significantly reduced vertical transmission [34] .
Taken together, these data suggest that substantial HIV exposure takes place in the infants of HIV-infected mothers and that the immune responses mounted in the HEU infant potentially contribute to protection from infection.
Immunological findings in HEU infants
Several research groups [11, [35] [36] [37] have reported significant phenotypical differences between HEU and UU infants; the most consistent finding is that of a more antigen-experienced cellular phenotype, which could be driven by exposure to HIV or its proteins. If phenotypical differences in immune cell populations are mirrored by impaired function, this could potentially contribute to increased susceptibility to infections in early life (summarized in Table 1 ). However, most previous studies have been relatively small and cross-sectional, undertaken predominantly in the pre-ART era, and generally lacking detailed information about maternal disease status, treatment and co-infections (particularly human cytomegalovirus (CMV), which is associated with dramatic phenotypical changes in the infant immune system and infects African infants very early in life [38, 39] ). Hence, caution is needed before drawing definitive conclusions about the significance of the reported immunological perturbations that we describe below.
The most unequivocal immune difference between HEU and UU infants is the reduced levels of specific maternal antibodies transferred to the infant from HIV-1-infected mothers [40] [41] [42] . During the last trimester, infants accumulate maternal immunoglobulin (Ig)G antibodies that actively cross the placenta through Fc-receptor-mediated transport and usually persist for several months, providing protection from infection according to the immunological experiences of the mother [43] . In HEU infants, although the overall levels of immunoglobulin (IgA, IgM and IgG) are higher than in unexposed children [44] , neonatal levels of antibodies towards tetanus are approximately 50% lower in the infants of HIV-1-infected women [42] . Similarly, transferred measles antibodies are reported to be significantly lower in HEU than UU infants [42, 45] , particularly in the infants of mothers with high viral load [46] . The probable explanation is thought to be a combination of impaired maternal B cell function and less efficient IgG transfer across the placentas of HIV-1-infected women. It is not yet clear whether the use of combination ART in pregnancy will improve maternal B cell and placental function sufficiently to restore infant levels of maternal antibodies to normal. To date, no studies have looked at how reduced levels of maternal antibodies might be related to the morbidity and mortality of HEU infants.
The use of cord blood mononuclear cells (CBMC) from HEU neonates provides the earliest non-invasive time-point Table 2 ) Yes Reduced breastfeeding May lead to nutritional deficiency and increased risk of gastrointestinal and/or respiratory infections (Mwiru et al. [127] )
Yes ART = anti-retroviral therapy; CMV = cytomegalovirus; HEU = HIV-1-exposed uninfected; PMTCT = prevent mother-to-child-transmission; TNF = tumour necrosis factor.
to investigate the potential impact of the intrauterine environment on immune development. Differences between HEU and UU infants could arise because of exposure to HIV or other pathogens in utero, ART exposure or an altered placental cytokine milieu (Fig. 1 ), but are less likely to be confounded by co-infection with CMV. Few studies have compared immunological parameters between the HEU infants of women with ART-mediated viral control with those of untreated women. In one study, cord blood from women with viral load (VL) below detection at delivery was compared with that from women with elevated viral load, most of whom had not taken ART during pregnancy. CBMC from the HEU infants of untreated women showed increased proliferation in response to mitogens, together with reduced levels of the anti-inflammatory cytokine IL-10 [47] . Others have shown that polyclonally activated CBMC from mothers with high VL generated higher levels of proinflammatory cytokines [IFN-γ and tumour necrosis factor (TNF)-α] together with T helper type 17 (Th17) cytokines, including IL-17 [48] . Exposure to heightened levels of maternal immune activation could predispose infant lymphocytes to apoptosis and potentially drive immune senescence in the infant immune system. Both spontaneous apoptosis and activation-induced apoptosis (following anti-CD3 stimulation) were increased significantly in the CBMCs of HEU infants [49] . These findings suggest that uncontrolled HIV replication is associated with a significantly activated, proinflammatory intrauterine immune environment, in contrast to the state of immunological tolerance normally present during pregnancy.
Neonatal dendritic cells (DCs) are less polyfunctional than those of adults and produce lower levels of type I interferons and IL-12, in response to Toll-like receptor (TLR) ligands (reviewed in [50] ). Studies of CBMC production of IL-12, a predominantly type 1 cytokine produced by antigen-presenting cells (APCs), showed that HEU CBMCs produced significantly less IL-12 than UU CBMCs following stimulation with Staphylococcus aureus Cowan (SAC), which was not restored by co-stimulation with IFN-γ and soluble trimeric CD40 ligand (CD40L) [51, 52] . Cord blood-derived myeloid DC (mDC) in HEU infants appear to be expanded and have increased inhibitory (B7-H1) and activation (CD80 and CD86) markers following mitogen stimulation compared with UU infants [53] .
Immunological studies during infancy and in older HEU children have also revealed significant differences from unexposed children. In a detailed cross-sectional study of HEU and UU infants from a European cohort, older children (mean age 7 years) not exposed to ART were compared to infants (mean age 1 month) who had received AZT prophylaxis [33] . While the B and NK cell compartments were similar between UU controls and HEU infants, absolute CD4
+ T cells were reduced in HEU children in both age groups. Moreover, naive CD8 + T cells were reduced, while activated (CD38 + ) and memory (CD45RO
+ T cell populations were augmented. A striking finding was a significant expansion of immature double-negative (CD4 -CD8 -) T cells, which may indicate disturbed thymic function. Both infant and older HEU groups showed significantly higher levels of serum IL-7 than uninfected controls, which may also indicate a response to impaired T cell homeostasis. HIV exposure in the newborns (despite AZT prophylaxis) was indicated by the presence of HIV-specific CD4 + T cell responses. The expansion of memory and activated compartments in this study is consistent with an antigen-exposed, activated immune profile that persists to some extent in older children. In one adolescent HEU cohort, significantly increased populations of activated and terminally differentiated CD8 + T cells, increased CD19 B cells and reduced effector memory CD4 + and CD16 + NK cell populations were reported compared to age-matched controls [54] .
In keeping with the suggestion of homeostatic dysregulation, impaired thymic function, with lower numbers of naive CD4
+ T cells and reduced T cell receptor excision circles (TRECs), as well as reduced progenitor function, were described in cord blood mononuclear cells (CBMCs) from 19 HEU infants compared to age-matched UU controls [55] . In this cohort all but one of the mothers had received ART during pregnancy. These data suggest that HIV exposure could have a direct impact on T cell differentiation, homeostasis and possibly thymic function even up to early childhood, independently of ART regimen. In contrast, no differences were found in a Danish cohort when comparing T cell populations, including regulatory T cells (Tregs), cytokine profiles or the antibody response to Haemophilus influenzae type b (Hib) vaccination between 20 HEU children (aged 15 months) and UU controls [56] . Nevertheless, in this study HEU infants had reduced thymic size, known to predict increased susceptibility to infection and mortality in HIV-negative infants [57, 58] .
Further evidence that HIV exposure is associated with activation of the infant immune system was demonstrated in a study measuring the expression of CD154 (CD40L), an inducible co-stimulatory molecule from the TNF superfamily of ligands that is expressed on activated cells and is an important mediator of T cell/B cell cross-talk. High levels of CD154 were seen on T cells from ART-exposed HEU infants [59] , even compared to age-matched controls infected congenitally with CMV, toxoplasmosis, hepatitis C or rubella. CD154 was up-regulated on more than 95% of CD4 + and CD8 + T cells in HEU infants, but the levels of expression did not correlate with maternal CD4 + T cell count or viral load.
As discussed previously, it is difficult to disentangle the relative contributions of HIV and ART exposure in the reported immunological differences between HEU and UU children. In one older cohort of HEU children (aged 6-18 years), 11 (44%) mothers had received some form of ART during their pregnancy. The HEU children had a significantly reduced CD4
+ T cell count; however, this was confined to those whose mothers received ART, whereas the CD4 + T cell count of children without ART exposure did not differ from controls. Interestingly, an increase in B lymphocyte apoptosis (assessed through caspase-3 + detection on CD19
+ cells) was also noted in the HEU adolescents, regardless of ART exposure [60] .
It is plausible that HIV-1 could affect the infant immune system by transfer of viral products across the placenta without productive infection. For example, even in the absence of viral infection, purified HIV-1 gp120 shows a dose-dependent immunosuppressive effect on the antigendriven proliferation of cloned CD4 + T cells and the cytolytic activity of Epstein-Barr virus (EBV)-specific cytotoxic lymphocytes (CTL) [61] . Other investigators have suggested a role for gp120 in impaired DC function through direct contact, leading to defective CD4 T cell-DC interactions [62] . Similarly, soluble HIV-1 negative regulatory factor (nef) can be transferred from macrophages to B cells and directly affects the generation of antibody responses through impairment of class-switching [63] .
In summary, the key phenotypical findings in HEU children are of expanded memory T cell subsets and increased immune activation with increased apoptosis, reduced thymic function and fewer naive T cells, accompanied by functional differences consistent with Th1/Th17 polarization and impaired APC function, in a setting of reduced transfer of maternal antibodies. These abnormalities could have a negative effect on the response to infection and to T cell-dependent antigens during routine vaccination in early life. As B cells rely on T cell 'help' to generate antigenspecific memory B cells, the responses generated against encapsulated pathogens that require antibody-dependent clearance may also be disturbed.
Immunological consequences of ART exposure
The use of ART in pregnancy and breastfeeding has enabled the elimination of vertical HIV transmission to become an achievable goal. Although most ART-exposed children are in good health, some concerns remain about the secondary effects of ART and their impact on early infant development. As prolonged ART exposure during infancy becomes more widespread, it will be important to dissect out the specific health risks posed to HEU infants by the different classes of ART from those that arise through exposure to a maternal environment perturbed by HIV infection. Most of the drugs used in pregnancy, including the nucleoside analogue reverse transcriptase inhibitors (NRTIs), and particularly zidovudine (AZT), readily cross the placenta [64] .
A number of biological alterations in HEU infants have been linked to ART-exposure during PMTCT (Table 2) , with varying effects on infant health. Mitochondrial toxicity (MT) has emerged as central to the aetiology of many of these disorders (reviewed in [65] ). The NRTI class of ART is thought to mediate MT principally through mitochondrial γ polymerase inhibition and the accumulation of somatic point mutations in mtDNA (reviewed in [66] ). A few cases of severe neuropathy and an increased 18-month incidence of neuromitochondrial disease were observed in HEU infants from the French perinatal cohort exposed in utero to NRTIs [67, 68] . The rarity of these severe disorders was highlighted by the absence of similar overt cases in several US [69] and European [70] cohorts. However, the retrospective analysis of 20 suspected cases of infant MT from two large US cohorts found lower levels of mtDNA and higher oxidative phosphorylation enzyme activities compared with controls [71] . Similar analyses have shown mtDNA depletion following NRTI exposure [72] [73] [74] [75] , but the implications of these findings are not entirely clear. Aside from the rare clinically severe cases of MT, subclinical MT is likely to contribute to some of the longer-lasting biological alterations reported in ART-exposed infants, such as the development of lactic acidaemia [76] [77] [78] [79] , cardiac growth and function abnormalities [80] and, with particular relevance to immune health, haematological perturbations.
Changes in haematological parameters in HEU infants exposed to various combinations of ARTs (Table 2) have been reported consistently in large European and North American cohorts [81] . Transient decreases in haemoglobin levels and more sustained decreases in platelets, total lymphocytes and CD4
+ and CD8 + T cell subsets that persisted to at least 2 years of age were observed in French [81] and US cohorts [82] . In addition, the European Collaborative Study found subclinical but sustained reductions in total lymphocyte and CD8 + T cell counts [83] and, strikingly, reduced neutrophil counts during the first 8 years of life [84] . Furthermore, exposure to more complex drug regimens (compared to monotherapy) has been associated with greater depletion of haematological cell lineages [81, 85] . In vitro, AZT has been shown to reduce myeloid and erythroid CD34
+ haematopoietic stem progenitor proliferation [86, 87] . Low thymic CD4 + T cell counts and impaired CD34
+ progenitor cell function were reported in a cohort of NRTI-exposed HEU infants [55] . A recent report showed striking differences in the transcriptional profiles of cord blood-derived CD34
+ progenitor cells between the HEU infants of mothers who received AZT in pregnancy and unexposed controls, particularly in genes involved in the cell cycle, cell death and in DNA replication, recombination and repair [88] . These findings were coupled with a threefold increase in the rate of aneuploidy (cells containing an abnormal number of chromosomes following cell division) in AZT-exposed cord blood, which could be an indication of AZT-induced DNA damage. Parallel toxicological findings in animal models implicate ART, rather than HIV exposure, in the aetiology of these changes [89] . These sustained effects highlight the potential impact of ART exposure on haematopoeisis, with potential consequences for both innate and adaptive immunity.
In addition to these fundamental ontological effects, direct immunomodulation was shown to occur after maternal administration of single-dose nevirapine (sdNVP) to reduce MTCT. Unexpectedly, sdNVP was associated with an increase in soluble plasma immune activation markers in HEU infants, above the heightened level of immune activation detected as a result of HIV exposure alone [90] . The [129] ; Borges-Almeida et al. [126] IgG = immunoglobulin G; IL = interleukin; TREC = T cell receptor excision circles. CB = cord blood; HSC = haematopoietic stem cell; MT = mitochondrial toxicity.
immunomodulatory properties of AZT-3TC dual therapy were investigated using samples from a randomized PMTCT drug trial [91] . Attenuated HIV-specific T helper responses to envelope antigens, but not to allogeneic stimulation, were detected among infants whose mothers had received ART versus those who were unexposed. However, HIV infection among the ART-unexposed group may have been a confounding factor in this report. Further studies are needed to clarify the extent of direct immunomodulation by ART and assess the functional significance of the various haematological alterations that have been reported. However, in the PMTCT era, distinguishing the effect of individual anti-retroviral agents, singly or in combination, from the effect of HIV exposure remains challenging. Recent advances in the development of the Erythrocebus patas monkey model [89, 92] , and in methods of assessing cumulative in utero and postpartum ART exposure in infant hair samples (Mwesigwa et al., AIDS 2012 poster), are likely to be instrumental in addressing these issues. Overall, these strategies in pharmacovigilance should inform efforts to develop optimal ART regimens that enhance the health of HEU infants and minimize the toxic of ART exposure in early life.
Do HEU infants make normal vaccine responses?
If HIV and/or ART exposure has significant immunological consequences (summarised in table 3), are these sufficient to affect vaccine responses to infant immunization? A large cross-sectional study of South African infants reported robust antibody responses to routine Expanded Programme on Immunization (EPI) vaccines in HEU infants, often to a greater magnitude than unexposed controls (except in the case of HBV) [93] . In keeping with previous studies, the investigators noted lower levels of transferred maternal antibodies in the HEU infants; reduced maternal antibody interference with the vaccine may have contributed to their strong vaccine responses. Detailed longitudinal studies in a birth cohort showed no significant impairment of antibody levels following EPI vaccines between HEU and UU infants [94] ; other studies have reported conflicting results [95, 96] . In one of these studies, low poliovirus vaccine titres was associated with reduced duration of breastfeeding in the HIV-exposed group [96] . Thus it remains an open question if and when EPI vaccines elicit adequate antibody responses in HEU infants; in particular, long-lasting B cell memory and antibody quality have not been addressed in detail.
The data on T cell responses to vaccines in HEU children are even less clear-cut. A number of studies have compared immune responses to the live attenuated bacillus CalmetteGuérin (BCG) vaccine -given to infants at birth in tuberculosis-endemic areas -in HEU and UU controls, with contradictory results. Impairment of BCG immunogenicity was suggested in an early study in The Gambia, which reported a significantly reduced occurrence of BCG scars after vaccination in HEU children [97] . More recently, altered proliferative responses following in-vitro BCG stimulation were reported in HEUs at 10 weeks [98] and at a median of 7 months of age [99] . A trend towards lower IFN-γ production was seen in whole blood stimulated with purified protein derivative (PPD) from 6-week-old HEU infants [100] . By contrast, the same study, in which the entire HEU cohort presented a BCG scar, found no demonstrable effect of maternal HIV-infection status on IFN-γ secretion after stimulation with BCG or early secreted antigenic target protein 6 (ESAT-6). This finding is in accordance with others in which neither IFN-γ alone [98] nor IFN-γ, IL-13, IL-5 or IL-10 production [101] following in-vitro stimulation with mycobacterial antigens was compromised in HEUs. Finally, the cytokine profiles of T cells responsive to mycobacterial antigens were explored in HEU infants longitudinally by flow cytometry during the first year of life. A complex pattern of expression profiles dominated by CD4 T cells expressing one or more of the Th1 cytokines, IFN-γ, IL-2 and TNF-α, was found that did not differ statistically between HEU infants and UU controls. Collectively, these results suggest that, for the most part, immune responses to BCG in HEU are within normal limits; however, as the correlates of protection by BCG vaccination are still not defined [102] , studies to assess the relative risk of TB infection in BCG-vaccinated HEU infants are needed to confirm that these immune responses are adequate for protection.
What is the impact of CMV infection on HEU children?
HIV-1-infected mothers have an increased likelihood of co-infections that could affect the health of their infants, independently of HIV-1 exposure. Probably the most significant of these is CMV infection, which is acquired in early life by the majority of children in sub-Saharan Africa [103] . CMV reactivation appears to be common in pregnant HIV-1-infected women: CMV viraemia was found at delivery in 17% of Kenyan HIV+ women who had received short-course AZT in the third trimester, leading to an increased likelihood of early transmission of CMV to the infant [104] . In this study, maternal CMV viraemia at delivery was associated with significantly increased mortality in both mother and infant. Improved maternal ART regimens may reduce the risk of early CMV transmission to the infant, but this has not been assessed formally in Africa. In one study in the United States, in which all the mothers were provided with combination ART during pregnancy, the prevalence of congenital CMV infection in HEU newborns was 3% [105] . Two studies in Zambia have suggested an increased burden of CMV infection in HEU infants, who were more likely than UU infants to experience high CMV viral loads [106] . A large study of infant nutritional supplementation showed that CMV viraemia at 6 months in HEU (but not UU) infants was associated significantly with growth stunting, together with reduced head size and retarded psychomotor development [107] ; the absence of similar associations in UU children suggests that the control of CMV infection is impaired in HEU children, potentially because of earlier infection with high viral loads.
The acquisition of primary CMV infection after birth is associated with profound changes in the phenotype of CD8 + and CD4 + T cells, which show increased levels of activation and differentiation [38, 39, 108] . In HIV-1 co-infected children, these phenotypical changes are far more substantial than those caused by HIV-1 alone [109] . Therefore, early CMV infection could be a major confounding factor when analysing the immune phenotype of HEU infants, and could certainly account for the increased proportion of activated and memory T cells described in these children.
Are there parallels between HIV exposure and exposure to other maternal infections?
Some maternal infections during pregnancy can alter the development of fetal immune responses, not only to the specific pathogen but also to unrelated pathogens. Thus, the potential in utero modulation of immune responses by HIV virions or soluble antigens is not unique, but parallels outcomes observed with other maternal chronic infections, as reviewed recently [110] .
In malaria infection, it has been suggested that soluble parasite components transferred transplacentally induce fetal immune modulation, which may influence infant immune responses to malaria antigen stimuli [111] [112] [113] [114] [115] . Poor control of placental malaria can lead to reduced Th1-type responses in the infant, thereby affecting fetal growth and infant survival [116] .
Similarly, maternal infection with various helminths may skew infant immunity to a dominant Th2 response, with corresponding down-regulation of Th1 responses, a process mediated by the generation of regulatory T cells and antiinflammatory cytokines [110, 117, 118] . This sensitization may persist into childhood even in the absence of infant infection [119] , and may also diminish responses to other unrelated infections [119] .
Cells from infants born to mothers infected with T. cruzi may produce an altered repertoire of proinflammatory cytokines [120] , even though they are not themselves infected [110, 121] , suggesting that they have hyperactivated monocytes like their mothers. These infants also have T. cruzi-specific IgA and IgM in cord blood, implying that a B cell response has been generated in utero [122] .
Following hepatitis B virus (HBV) vaccination, HBVexposed uninfected infants were more likely to generate potent virus-specific polyfunctional CD4
+ responses than infants from uninfected mothers [123] . In utero sensitization by transplacental transfer of mycobacterial antigens during gestation has also been reported in a mouse model. Subsequent postnatal immunization with the homologous antigen resulted in antigen-specific recall responses and protection against mycobacterial infection [124] .
Summary and discussion
The overall benefits of PMTCT programmes are undeniable: maternal ART in pregnancy has prevented millions of children from acquiring HIV-1 infection. Nevertheless, there is compelling evidence that uninfected children born to HIV-1-infected mothers, particularly in the developing world, can experience increased morbidity and mortality, predominantly from infectious diseases. Accompanying these epidemiological observations, a number of immunological perturbations have been described in HEU infants that may, in some cases, presumably be sufficient to lead to increased susceptibility to infection. Immune abnormalities could potentially be a consequence of HIV exposure in utero and early life, but could also be due to exposure to anti-retroviral drugs, as well as early transmission of persistent viral infections such as CMV. It is likely that in resource-poor settings these three factors have a synergistic effect that undermines the developing immune system of young infants. In such settings it is also important to recognize that immune recovery from these insults may be impaired by other frequent infections such as malaria and measles, together with malnutrition and poor socioeconomic circumstances [125] . The suggestion from some studies that HEU infants may have impaired T cell responses to infant vaccines is of obvious public health relevance. While the satisfactory antibody levels attained in HEU infants following EPI vaccines in most studies is reassuring, the longevity of these responses also needs to be assessed.
Although the increasing use of combination ART to improve maternal health might be expected to lead to better health in their uninfected infants, this has not yet been demonstrated formally. Moreover, while exposure to HIV and co-infections from healthier mothers should be reduced as a consequence of this policy, their children will inevitably have more prolonged ART exposure, often from early in gestation. The mechanisms underlying the apparent immunodeficiency in HEU need to be identified, particularly in resource-poor settings where the burden of HIV and other life-threatening infection is high. Well-designed prospective longitudinal studies of HIV-1-infected mothers and their infants are needed, with accurate records of ART use, accompanied by detailed assessment of the transmission of maternal co-infections and the transfer of maternal antibodies, alongside phenotypical and functional studies of the infant immune system. A central component of these studies should be an assessment of the long-term responses of HEU infants to EPI vaccines. The vaccine schedule of HEU infants may need to be adjusted to provide optimal protection from infection for these vulnerable children.
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